The objective of this design report is to provide an assessment of current technologies used for production, dewatering, and converting microalgae cultivated in open-pond systems to biofuel. The original draft design was created in 2011 and has subsequently been brought into agreement with the DOE harmonized model. The design report extends beyond this harmonized model to discuss some of the challenges with assessing algal production systems, including the ability to (1) quickly assess alternative algal production system designs, (2) assess spatial and temporal variability, and (3) perform large-scale assessments considering multiple scenarios for thousands of potential sites. The Algae Logistics Model (ALM) was developed to address each of these limitations of current modeling efforts to enable assessment of the economic feasibility of algal production systems across the United States. The (ALM) enables (1) dynamic assessments using spatiotemporal conditions, (2) exploration of algal production system design configurations, (3) investigation of algal production system operating assumptions, and (4) trade-off assessments with technology decisions and operating assumptions. The report discusses results from the ALM, which is used to assess the baseline design determined by harmonization efforts between U.S. DOE national laboratories. Productivity and resource assessment data is provided by coupling the ALM with the Biomass Assessment Tool developed at PNNL. This high-fidelity data is dynamically passed to the ALM and used to help better understand the impacts of spatial and temporal constraints on algal production systems by providing a cost for producing extracted algal lipids annually for each potential site.
operational assumptions that make biofuels produced from microalgae a viable option. The harmonized baseline design determined by the national laboratories serves as a starting point for exploring alternative algal production system designs and operation.
Progress
The previous algae design report was updated to discuss numerous technologies for cultivating, dewatering, and converting microalgae to biofuels. The harmonized baseline design for large-scale open-pond microalgae production systems is assessed using a computational approach that enables coupling of disparate datasets and models. Baseline performance and costs for algal production systems are characterized in terms of costs, material losses, and equipment performance. Several potential algal production sites are investigated to provide additional insight into the impacts of spatial and temporal variability on the cost of producing extracted algal lipids. . Cost assessment of the harmonized baseline design using high-fidelity productivity data with average annual TAG production. 
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INTRODUCTION
Increasing energy demands, diminishing petroleum reserves, growing dependence on foreign oil imports, and rising oil prices have fostered considerable interest in renewable fuels derived from biomass. The U.S. Energy Independence and Security Act of 2007 (EISA) expanded the Renewable Fuel Standard (RFS) requiring that U.S. transportation fuels contain a minimum of 36 billion gallons of renewable fuels by 2022, to include advanced and cellulosic biofuels and biodiesel derived from biomass. Algal biofuels have the potential to make a significant contribution to achieving these targets and moving the nation toward energy independence. The U.S. federal government invested $800M in biofuels research as part of the American Recovery and Renewal Act. Funds from this investment have been allocated to the Department of Energy (DOE) Office of Energy Efficiency and Renewable Energy's (EERE) Biomass Program to invest in research, development, and deployment of commercial-scale algae-to-biofuel processes (DOE 2010) . A number of private companies are also making substantial investments in this area. This report presents the current state of technologies for cultivation, harvesting and dewatering, extraction, and conversion of microalgae to biofuels within an open-pond production system. Algal production systems are assessed based on the harmonized baseline with high-fidelity productivity and resource assessment data using dynamic methodologies to capture the spatial and temporal impacts on the feasibility of producing biofuels from microalgae.
Benefits of Microalgae for Biofuel Production
Biofuels, specifically biodiesel, derived from microalgae have received considerable interest as an alternative to conventional fossil fuels. Utilization of microalgae for biofuel production has the potential for additional benefits, including wastewater remediation, CO 2 sequestration, and production of valuable co-products such as ethanol, methane, fertilizer, and livestock feed. Other benefits of microalgae in comparison with terrestrial feedstocks used for biofuels include high lipid content, growth versatility in various climates, high productivity, and use for fuel production is not directly competitive with food production such as was the case for other feedstocks (Wang et al. 2008 ). In addition, biodiesel produced from algal lipids has gained popularity because it is non-toxic, biodegradable, and produces significantly fewer emissions relative to diesel derived from petroleum sources (Bajpai and Tyagi 2006; Sheehan et al. 2000) . Furthermore, algal biodiesel has enhanced cold-temperature performance, energy density, and storage stability compared to traditional petroleum fuels and has received considerable attention as an aviation fuel (Bruton et al. 2009 ).
Challenges for Microalgae-Based Biofuels Development
Major research and development challenges of algal biofuels include significant technology gaps in these areas: feedstock, infrastructure, harvest/dewatering, extraction, and conversion. For open-pond algal production systems, algal characteristics such as productivity, lipid content, and predator resistance are important attributes for creating high yielding, sustainable systems Algal production system location and design are important for determining efficiency of nutrient and CO 2 delivery and productivity. Co-location with wastewater and industrial facilities can provide accessible and inexpensive media, nutrients, and CO 2 needed for cultivation, but co-location can also limit the siting of large-scale open-pond production systems. Typically co-location opportunities will be close to urban areas, raising both property costs and social concerns. As a result, other options for nutrient and CO 2 supply must often be considered. With current technologies, harvest and dewatering is an energy intensive process for reducing moisture content to get the algae to a useable format.
Most microalgae to biofuels processes, like algal biology, cultivation, harvesting/dewatering, extraction, and conversion are the focus of many R&D projects being pursued by national laboratories, industry, and academia. Current challenges for producing biofuels from microalgae include:
Production at a cost that is competitive with petroleum-based fuels poses considerable challenge to adoption of this technology Development of algal production technology is in the earliest stages Growth at commercial scale, in order to be successful, requires strain development Growth conditions that enable rapid growth of high-lipid producing strains that is inhibitory to competing organisms are needed Algal harvesting is estimated to consume 20-30% of production costs (Gudin and Thepenier 1986) A huge challenge of harvesting algal biomass entails concentrating low-density cultures by as much as 1000-times for lipid extraction to be feasible Significant engineering-research efforts must be aimed at developing cost-effective algal harvesting (Pienkos and Darzins 2009) 
Nutrient recycle
Credits for wastewater treatment and by-products.
BIOLOGY OF MICROALGAE
As mentioned previously, microalgae show significant promise as a biofuel feedstock. However their small size, diversity, and dilute concentrations even in growth ponds pose challenges. Thus, a basic understanding of microalgae is warranted. The following section describes the types of microalgae and some basic properties that may influence their growth, harvesting, and energy content. Microalgae are phototrophic eukaryotic microorganisms. They grow ubiquitously in the environment, in cold or hot climates, in lakes, streams, oceans, ice, and moist soil. They are photosynthetic, converting CO 2 and light to O 2 and simple sugars within membrane-bound organelles called chloroplasts. Microalgae are responsible for the origin of the O 2 on Earth and nearly 50% of the global net primary production supporting life. They are unicellular but sometimes occur in colonies or aggregates of cells (Brock et al. 1994 ).
Types of Microalgae
There are three general types of unicellular algae: green, brown, and red.
Green algae belong to the group Chlorophyta and inhabit freshwater, marine, and moist terrestrial ecosystems. Even though their main carbon reserve is starch, they are known to produce large amounts of lipids under nutrient stress (Hu et al. 2008) . Abundant lipid producers in the group Chlorophyta include Chlorella vulgaris and Chlorella protothecoides.
Brown algae belong to the group Chrysophyta and include diatoms that have lipid, not starch, as their carbon reserve and do not require nutrient stress to produce it. Organisms in the group Chrysophyta inhabit the same ecosystems as Clorophyta. Chaetoceros gracilis and Chaetoceros muelleri, two diatoms, are known to be excellent lipid producers. Figure 1 shows microscopic images of two green algae (Scenedesmus dimorphus and Chlorella sp.) and two diatoms (Cyclotella cryptica and Chaetoceros gracilis).
Lastly, red algae, which lack flagella, are less known for lipid production and belong to the group Rhodophyta. Some examples of red algae include Palmaria palmate and Coralline algae. They inhabit mainly marine ecosystems. Similar in appearance and found in many of the same environments, oxygenic phototrophs, cyanobacteria, are classified as prokaryotes; however they are still considered "algae" in some contexts. Cyanobacteria are generally more adaptable to extreme hot environments, such as hot springs, compared to algae (Brock et al. 1994) . Cyanobacteria are also known to produce lipids. 
Composition and Oil Content
Algae contain three major components: proteins, carbohydrates, and oils (lipids). Lipids have historically been the component of primary interest for biofuels production; however, algal components can be used for other valuable co-products as well, such as animal feed, pigments, fertilizers, poly-unsaturated fatty acids, and anti-oxidants (DOE 2010) . Recently alternative conversion scenarios including hydrothermal liquefaction and pyrolysis, which capitalize on the energy content of the whole cells, have gained interest. Some microalgae are known to produce large amounts of oil within their cellular structure. Lipid production depends on many factors such as growth (cell-division), temperature, pH, salinity, and availability of micronutrients (Araujo et al. 2011) . As reported in a review by Mata et al. (2010) , the variability in lipid content of various algae is evident, but so is the growth production potential (Table 1) . In some algal strains, increased lipid production occurs by stressing the organisms. Nutrient limitation, for example, is a key stressor for increased lipid production. Biomass productivity in outdoor ponds is presented in Table 2 and has been adapted from a review by Griffiths and Harrison (2009 Lipids are abundant in many algae. Lipids and fatty acids serve as key components for cell membranes in plants and algae as well as being important for chemical signaling and energy storage (Ekman et al. 2007) . Environmental factors such as temperature, light cycles, and nutrient deprivation can influence the capacity for lipid synthesis (Roessler 1988; Shirffrin and Chisholm 1981; Sukenik et al. 1989) . During optimal conditions, fatty acid synthesis in algal cells is primarily for membrane lipids.
Under conditions of stress, most algae alter their lipid production pathway to manufacture neutral lipids. In most stress conditions that induce lipid synthesis, photosynthetic activity decreases causing a slowed growth rate (Shirffrin and Chisholm 1981) . It has also been noted in Nannochloropsis sp., that lipids produced during the day are subsequently consumed as energy for cell division during the dark cycle (Sukenik et al. 1989) . Lipid and fatty acid composition can reach well over 50% of the cellular dry weight of an algal cell with neutral lipids accounting for up to 80% of the total lipids, as in the case with Neochloris oleoabundans (Tornabene et al. 1983 ).
Microalgae can manufacture a variety of lipids that can include, tri, di-, and monoglycerides, phospho-and glycolipids, and other hydrocarbons (Banerjee et al. 2002; Chisti 2007) (Figure 2 ). Fatty acid composition varies depending on species but common fatty acids can include palmitic, linolenic, linoleic, and oleic (Ben-Amotz et al. 1985; Tornabene et al. 1982; Tornabene et al. 1983) . Depending on their chemical characteristics, lipids can be generalized into two different classes, polar and non-polar (neutral) (Christie 2003; Greenwell et al. 2010) . Polar lipids can include phospholipids and glycolipids. Neutral lipids can include tri-, di-, and monoglycerides.
A major fuel constituent called triacyglycerols (TAG), a neutral storage lipid, is composed of fatty acids synthesized in the stroma of plastids. The environment and strain of algae may determine the pathway of TAG synthesis in the cell. Fatty acids, usually 16 to 18 carbon chains, are transferred to a glycerol molecule by acyl transfers via the intermediate diacylglycerol (DAG) (Athenstaedt and Daum 2006; DOE 2010; Lung and Weselake 2006) .
Cultivation
Algae have the potential to produce greater amounts of biomass and lipids per acre than any terrestrial biomass (Table 3) . Furthermore, it can be cultivated on marginal lands and not compete with food crops.
Algae can be grown phototrophically using sunlight or artificial light, or heterotrophically without light using simple sugars as a carbon source. Photoautotrophic cultivation can occur in open pond systems or closed photobioreactor systems. Open-pond systems require less capital expense compared to closed photobioreactor systems; however, daily productivity per liter typically is less. Table 4 below lists the two types of cultivation and their advantages and disadvantages. 
ENGINEERING DESIGN
Design of open-pond algal production systems must consider the algal strain, productivity potential, and capacity when selecting a site. These factors will influence the scale and methods utilized for producing the most economically feasible biofuel. This section describes siting criteria for open-pond algal production systems and current methods that can be utilized within the processes necessary to create biofuels from microalgae.
Siting Considerations
When siting an algae open-pond system, several key site characteristics have to be considered including the topography, climate, resource availability, and local incentives. These site characteristics have a significant impact on the cost of building the unit farm and cultivating the algae.
Land Requirements
Selection of land resources is a key component to the viability of open-pond microalgae production systems. Land characteristics have to be considered for development and economic feasibility. Given the size of the unit farms under consideration, land with minimum slope variation is needed to reduce the amount of earthwork. Slopes ranging from 0-10% have been considered in several land assessments found in literature (Benemann et al. 1982; Lundquist et al. 2010 ).
Additional criteria for potential open-pond microalgae production systems sites is that the land should be noncompetitive, non-sensitive, and sparsely populated. Excluded sites may include land currently used for agricultural purposes, open water, urban areas, airports, state and national parks, wildlife refuges, and other environmentally sensitive locations. Over 11,500 sites were identified that meet a 1% slope and land-use requirement criteria equating to over 5% of the conterminous United States that may be available according to a recent study ( Figure 3 ) (Wigmosta et al. 2011 ). However, placement of open-pond microalgae production systems near urban areas has potential benefits because of the use of wastewater and industrial and commercial process wastes that can provide nutrients and CO 2 for algae cultivation. Land value is typically higher near these urban areas, so additional economic evaluations need to be completed to assess the potential benefits of collocation vs. lower land costs.
In addition to slope, soil composition and depth are important to the design of the open-pond microalgae farms. Soil composition will determine whether compacted soil can be used to line the ponds without permeability concerns. Soils with high clay and silt content are less permeable, reducing water loss and soil degradation potential. The ponds also tend to be self-sealing as some of the algae settles. Sites that have sandy or gravel compositions will either need clay brought in to seal the bottom of the pond or a synthetic liner, both of which would incur additional costs. Sufficient earth depth at a selected site is important for stabilizing the foundation of the pond. Ponds are generally excavated to allow the surface of the pond to near or above the ground level. Ponds that are built above ground need excavation only for the sump area (Benemann et al. 1982) . Soil composition and depth were not considered in siting the potential farms presented in Figure 3 but may be considered in future assessments to help identify design needs for a specific location.
Climate
The climate and weather patterns around a site have a significant impact on annual algal production. The seasonal variation, number of abundant radiation days, and weather conditions account for daily productivity variation and in extreme cases (i.e., hurricanes, tornadoes, etc.) may crash the entire production system. In general, microalgae are cultivated in warmer regions of the globe. Figure 4 shows ideal locations for growing algae based on temperature. Regions inside the blue box have annual average temperatures above 15°C. Regions outside this area may require additional R&D to help develop psychrophilic algal strains that could be cultivated at much lower temperature. Figure 5 shows the annual average solar radiation for the United States. It can be seen that the Southwest United States has the greatest potential for cultivating microalgae based on temperature and solar radiation but additional factors such as water requirements must also be considered. Water resource availability is one of the key challenges in development of the algal biofuels industry. Large scale algal production systems require a substantial amount of water and in some parts of the United States may compete against social and agricultural uses. One of the reasons for the large amounts of water use is daily evaporation (Figure 6 ). Evaporation can vary significantly spatially and temporally. Precipitation can help mitigate losses due to evaporation but in most locations does not offset the total annual losses. 
Open-Pond Design and Cultivation
Open-pond algal production system raceway design elements include earthwork, infrastructure, resource (nutrients and CO 2 ) delivery, and inoculum delivery mechanisms. Large-scale algal production systems will likely require a certain amount of earthwork to meet the needs of the raceway design criteria and configuration. Raceways are equipped with a paddle wheel and aeration system to prevent settling, allow adequate movement for light absorption, and enhance mixing of nutrients and CO 2 with the media (Figure 7 ). Vertical resource storage containers house and operate as staging areas for nutrient and CO 2 delivery. Instrumentation systems are coupled to each raceway to enable monitoring of key production factors such as nutrient and CO 2 levels, pH levels, and temperature. Smaller inoculum ponds are also integrated into general designs, providing a continuous flow of culture to the larger production ponds. 
Earthwork and Raceway Development
For large-scale algal production systems, earthwork will be required to enable the raceway configuration optimal for production. Landscapes with minimal slopes like those identified in Figure 3 provide an opportunity to reduce the amount of earthwork needed resulting in reduced costs. Additional earthwork can include digging out the raceways and building berms around the raceways for wind abatement and pest control.
In addition to earthworks, raceways can be built using concrete blocks for walls and berms with clay or high density polyethylene (HDPE) pond liner for leaching protection. The concrete blocks can be used to reduce erosion of the pond edges and strengthen the raceway structure. In certain areas where a hardened clay material (south-southwest) is available, this may replace the addition of concrete blocks around the periphery of the raceway. In locations where lava rock or gravel rock are readily available and inexpensive, these may be used to help strengthen the pond wall. It should be understood however that the above configurations represent various alternatives for engineering designs for pond construction and do not necessarily represent the best case scenario for pond construction.
Liner
Liners may be added to the pond system to maintain the integrity of the culture and restrict leaching. There are several options available when selecting a pond liner. Pond liner that includes polyvinyl chloride (PVC), high-density polyethylene (HDPE), and ethylene propylene diene monomer (EPDM) are available in a variety of configurations. The use of a pond liner adds significant costs but benefits can be significant. The liners are easier to clean than rock or clay liners which can decrease contamination compared to something like clay. The likelihood of pond liners allowing leaching of raceway contents into the deeper earth layer are potentially less than that of clay or crushed rock. Costs of the liner do depend on the type of pond liner and its thickness. The availability of pond liner in most areas is very high compared to other options for the pond base. Crushed rock is another option for pond lining but is also expensive and less effective (Lundquist et al. 2010; Weissman and Goebel 1987) . Although mass produced pond liner is not the best solution, further exploration of new options for lining ponds is needed. Another liner option, harden clay, which is used for wastewater settling ponds is relatively inexpensive compared to other liners available. In some situations where clay is locally available and approved for use with wastewater and algae growth, this option lowers costs significantly.
Water
Water is essential for algae cultivation. To provide the algae cultures with enough water for adequate growth, a water source or sources is needed near the designated site that is capable of maintaining a water supply based on the capacity of the algal production system. Previous reports assume water from local reserves (lakes/aquifers), municipal wastewater facilities, saline lakes, and oceans (Benemann 1980; Benemann and Oswald 1996; Lundquist et al. 2010; Weissman and Goebel 1987) . Most water reserves have a cost associated with their use, transport, or pumping. Water from waste streams is unique in that nutrients from these streams can also be used by the algae for growth. As discussed below, evaporative and blowdown losses need to be replenished by a water stream. Depending on siting, water can be used from wastewater streams when the farm is located near a municipal facility and from local reserves (wells/lakes/aquifers) when wastewater is not available. Saline water sources are a viable source of water and nutrients to support growth but are species-specific and may not be available in most locations.
Water from settling basins and harvesting steps will be recycled back to the cultivation ponds. In some reports, water costs are not evaluated or factored into the economics of algae farm development. Water does represent cost into the system but is a component that can be recycled and used in a variety of capacities. Reusable water from flocculation and centrifugation steps can be pumped directly back to cultivation ponds or a clarifying tank to be cleaned and used in the inoculation ponds.
Nutrients and CO -2
Nutrient and carbon requirements for algae may be provided by chemicals purchased in bulk. Wastewater effluent from municipal wastewater treatment facilities can also provide nutrients needed for algae cultivation with supplementation from commercial chemicals. Recently, anhydrous ammonia and diammonium phosphate (DAP) were suggested as sources for nitrogen and DAP, respectively (ANL et al. 2012 ).
For additional supplemental nutrients, fertilizer-enriched irrigation runoff from farms can also be used. In addition to irrigation runoff, wastewater can be processed from wastewater processing plants and then directly pumped into the raceway to supply water and nutrients. The solids can provide organic carbon as well as other nutrients for culture growth. Another carbon source, CO 2 contained in flue gas from power plants/factories, can be used for carbon supplementation and to increase growth of the algae. The carbon source from plant effluent and supplemental CO 2 generated from onsite processes (e.g., anaerobic digestion) can be supplied by a central low-pressure pipeline that is directed to each growth pond. In open-pond designs, nutrients and water are mixed as they enter the growth ponds.
Mixing System
Pond mixing can be accomplished by current state of technology paddle wheels designed for raceway ponds. Culture mixing is important to allow the algal cells to move in and out of the light zone for photosynthesis. Large 10-acre (4-ha) ponds can be mixed by paddle wheels at speeds of roughly 20-30 cm/sec (Figure 8 ). Although paddle wheel mixing is the most common mixing mechanism, mixing designs such as pump mixing, jet mixer, air-lift mixing, and others have been used. Although there are mixing variations, mixing velocity is an essential detail in reducing energy consumption and creating an ideal residence time for the culture growth. Considerations for the number of paddle wheels for each pond are calculated on the dimensions of the channels. Inoculation ponds that use paddle wheels will require smaller and fewer units per pond than larger 4-ha ponds. Mixing systems for flocculation stations will use centrifugal pumps to maintain efficient contact of floc to algae. Energy consumption and use of centrifugal pumps for these processes will be low to keep shear forces at a minimum. 
Carbonation systems
The need for carbonation systems for algae raceway ponds is important due to the requirement of carbon for aggressive cultivation of algae. Each pond is equipped with a carbonation sump to supply the algae with CO 2 . During peak operation during the summer months, the need for equivalent carbon is greater due to greater productivities. The designs of the pond CO 2 delivery systems are similar to those reported in Lundquist et al. (2010) . Ponds have sump stations the length of the channel where CO 2 is supplied to the culture. This CO 2 is supplied by effluents from localized power plants, digesters, and combustion processes. Carbonation sump stations are located in each channel of the raceway and are equipped with aeration units (sparger) that produce micro bubbles for CO 2 distribution. The units are located roughly 1-m deep and have a concrete pad or inlaid cinder blocks to decrease the amount of erosion from the moving culture.
Organic carbon from wastewater is another form of carbon used for algae cultivation. Wastewater provides water and nutrients that has the potential to contain enough CO 2 from wastewater BOD to supply the algae for several hours (Lundquist et al. 2010) . Supplementary CO 2 by means of exogenous effluents may be required to supply the remaining required CO 2 for growth.
Instrumentation for Cultivation
Monitoring parameters can include pH, culture temperature, CO 2 saturation, salinity, light exposure, etc., which each pond will need for automated instrumentation to communicate to the central facility. Each pond will have an instrumentation unit with monitoring probes that send data to and from the central processing facility that operates and monitors culture characteristics (Figure 9 ). The central processing facility will be equipped with programming units that control water/wastewater flow into and out of the pond while also automatically monitoring and controlling nutrient delivery. The central facility and pond monitoring systems are permanent fixtures that are built into the farm and pond configurations.
Ideally, the plant manager and operations supervisor will monitor pond conditions and identify culture conditions where specific samples need to be collected for analysis. The laboratory manager and staff scientist will use these monitoring instrumentation units to track culture conditions and maturity (lipid content). As the conditions of the culture reach maturity, automated processes allow the plant manager initiate harvesting/dewatering steps remotely while monitoring efficiency. 
Inoculum Systems
The inoculation system is a step-up pond configuration that increases 10-fold at each stage for an adequate inoculum for the 10-acre (4-ha) raceways (Figure 10 ). This system is one scenario of many that would allow inoculation of the larger raceways. The inoculation concept starts with photo-bioreactors (PBR) growing 50 liters of culture. These PBRs would grow culture inoculums for basic raceways equipped for 500 liters of culture. At each stage of the step-up pond inoculums system, nutrients and water (10-fold scale-up) will be present and combine with the inoculums for continuous growth. The 500-liter raceway inoculums would then feed a 5,000-liter (5-m 3 ) pond. This pond would then serve a much larger 50,000-liter (50 m 3 ) pond, and so on. A 10% inoculum for a 4-ha (12000-m 3 ) pond is assumed to be 144,000,000 (1200 m 3 ) liters. The fifth raceway in the sequence would have a rough total of 5,000,000 (5,000 m 3 ) liters of algae, which theoretically contains enough starter culture to inoculate a little over (4) 4-ha cultivation ponds. Assuming (100) 4-ha ponds, (25) 5-inoculum step pond systems would need to be built.
Obviously, this is a large addition to the (10) 1000-m 2 (300-m 2 ) ponds discussed in previous reports (Lundquist et al. 2010 ), but those reports do not describe in detail as to how their inoculums system would function (Benemann et al. 1982; Benemann and Oswald 1996; Davis et al. 2011; Lundquist et al. 2010) . The need for a 25-pond system would not be ideal for continuous harvest. The need for inoculation or re-inoculation is reserved for ponds that are starting, contaminated, or overcrowded with waste and need to be cleaned. A more reasonable number might be closer to 2-5 systems. The PBRs have not been included in this scenario because of the small scale of these units compared to the larger raceways. Also, several smaller units might be needed to start the 50-L initial starter cultures. The inoculum PBR reactors at the small scale are very basic plastic tube reactors with nutrients, water, and CO-2 . The inoculum raceways at each scale will be lined ponds similar to the larger ponds, outdoor, paddle-wheel mixed with greenhouse like covers over the initial 1-2 raceways. These covers will help maintain culture integrity and allow the culture to grow adequately dense for transfer to the next stage. Although this step-up pond configuration system has been described here, more experiments need to be performed to confirm the viability of the 10% inoculums for each raceway.
Harvest and Dewatering
Harvesting and dewatering is a necessary step for concentrating the microalgae for further processing and conversion downstream. The process is challenging due to energy inputs, stability concerns, and final product constraints that may limit the methods for concentrating the microalgae. This process must maintain lipid stability or secondary product stability for adequate process viability. To efficiently dewater biomass, significant advances must be made to decrease costs associated with removing water. Concurrent dewatering techniques have been proposed to sufficiently dewater cultures for direct wet extraction of lipids or transport through a drying step (Clarens et al. 2010; Davis et al. 2011; Lundquist et al. 2010; Molina Grima et al. 2003) Major harvesting and dewatering techniques for algae include flocculation, sedimentation, dissolved air flotation, filtration, electroflocculation, and centrifugation ( Figure 11 ). Flocculation additives have included a variety of polymers, salts, surfactants, alum, lime, and cellulose (DOE 2010). Flocculation allows greater cell aggregation and densification with minimal energy expenditure (Elmaleh 1991; Venkataraman 1978) .
Sedimentation and dissolved air flotation allow similar results with sometimes longer retention times (Knuckey et al. 2006 ).
Substantial dehydration processes such as filtration and centrifugation can be effective but constitute large portions of the processing costs and can influence the economics (70-75% processing costs) of harvesting (Mohn 1978) .
Electroflocculation has been used in the treatment of polluted water and is now being investigated for the harvesting and extraction of algae and its constituents. Proposed algae harvesting designs incorporate primary and secondary harvesting stations and steps within the dewatering process. These processes initially replicate wastewater treatment plants with sedimentation tanks as primary harvesting stations. Primary harvesting stations are composed of large containers (whether plastic or earthworks) that hold the algae culture for a predetermined time and allow the culture to naturally auto or bioflocculate (Benemann and Oswald 1996; Molina Grima et al. 2003) . Sedimentation alone or in conjunction with chemical flocculation occurs in secondary containers to concentrate the culture in preparation for further dewatering. Centrifugation is often the secondary harvesting technique (Benemann and Oswald 1996) . Primary harvesting steps of sedimentation and flocculation before centrifugation remove enough water to lower the cost of centrifugation. Although there have been a variety of designs presented for harvesting algae from a liquid culture, not a single scenario has been outlined as ideal (Benemann and Oswald 1996; Davis et al. 2011; Lundquist et al. 2010; Sheehan et al. 1998 ).
The harvesting elements often used in large-scale production first include natural settling of the culture followed by a primary harvesting step using flocculation while secondary harvesting uses a centrifuge (Harmonization paper). In addition to the configurations discussed above, additional equipment from industry are making strides in dewatering that can provide a continuous-flow harvesting system that is capable of harvesting directly from the cultivation system to dewater a culture to 95% solids (Industrial Partner-Personal Communication). This employs a chemical-free, low-energy flocculation alternative to current design configurations.
Natural Settling and Flocculation
Flocculation of algae is a process to increase the density of the culture by aggregating the microalgae cells by natural, chemical or physical means (Figure 12 ). Through flocculation, algae cells will aggregate in solution and allow for more effective cell recovery through sedimentation and centrifugation (Elmaleh 1991) . Algae naturally have a negative charge on their surface which keeps them dispersed in suspension.
In most cases like autoflocculation and chemical flocculation, the surface charge is neutralized by the floc, which causes aggregation of the cells (Becker 1994; Molina Grima et al. 2003) . In some cases however, old or fasting culture cells will produce products that aid in neutralizing this negative charge and causes the cells to settle. In some cases such as Nanochloropsis and Synechocystis, however, cultures have challenges with autoflocculating and additional technologies are needed to increase these cell densities during harvesting (Industrial Partner-Personal Communication).
Depending on the downstream uses for algae after lipid extraction, the secondary uses of algae should not be affected by chemical flocculants. The flocculants should be inexpensive, easily produced, and used at low concentration while still being effective. Chemical flocculants can include metal salts and cationic polymers (Benemann 1980; Golueke 1965; McGarry 1970) . Autoflocculation techniques like changes in pH of the broth have been effective but can lyse cells and cause an early release of lipids(Blanchemain and Grizeau 1999). Co-cultures with bacteria that naturally release a flocculent type product have been identified as effective bioflocculents (Oh et al. 2001 ).
Centrifugation
Centrifugation has been used to harvest algae for experimental and commercial purposes (Burlew 1953; Golueke 1965; Mohn 1978) . Centrifugal efficiency and throughput depends on the characteristics of the feed. Characteristics such as particle density differences, % solids, and particle size can affect the performance. Minimizing throughput volume has the potential to decreases costs associated with centrifugal dewatering. In general, centrifugation is an energy intensive process and has been suggested as a secondary dewatering process to reduce costs (Figure 13 ). Centrifuge systems can include bowl separators, intermediate and continuous dischargers, and screw conveyers. Continuous discharge centrifuges that allow solids and decant water discharge have been shown to be most effective (Benemann and Oswald 1996; Mohn 1978; Mohn 1980 ). Figure 13 . Qualitative costs associated with % solids harvesting potential.
As stated previously, centrifugal efficiency and throughput depends on the characteristics of the feed. Particle density differences, % solids, and particle size can affect efficiency of centrifugation. Minimizing throughput volume has the potential to decreases costs associated with centrifugal secondary harvesting (Table 5 ). Centrifuge systems can include bowl separators, intermediate and continuous dischargers, and screw conveyers. Continuous discharge centrifuges that allow solids and decant water discharge have been shown to be most effective (Benemann and Oswald 1996; Mohn 1978; Mohn 1980 ). . This centrifuge has a maximum throughput capacity of 9,000 l/h with a bowl speed of 8,400 rpms. The 20% solids discharge from centrifugation will be fed onto solar drying beds or transported to an extraction facility. Water will be returned to the production ponds for replenishment and recycle of water and excess nutrients still available in the decanted water.
Lipid stability during harvest and dewatering
A question that arises when considering the logistics of moving harvested algae to a central processing plant is whether the lipid content remains stable or how long the lipids remain stable. It is possible that microalgae or associated bacteria could consume components of the algae, including the stored triglyceride. Lipid stability in biomass during production, extraction, and storage is important for maintaining the integrity of lipids and fatty acids for future conversion to fuels. Lipid breakdown is evident by the rancidity of the oil and breakdown products (Kim et al. 2007) , and oxidation results in an aldehyde smell with other compound aromas. The breakdown of lipids can occur through many pathways, two of which can include autoxidation and photo-oxidation.
The oxidative stability of biodiesel fuels poses a serious challenge to industry, and its stability is largely governed by the degree of saturation of fatty acid chains. Polyunsaturated acyl chains are readily susceptible to oxidation, leading to deterioration of the fuel. Autoxidation of unsaturated fatty acids gives rise to the reduced oxidative stability of biodiesel produced from algal feedstocks. The CH 2 positions that are allylic (H 2 C=CH-CH 2 R, where R is the connection to the rest of the molecule) to double bonds are the most prone to oxidation in the fatty acid chains. Fatty acids such as linoleic and linolenic have doubly allylic positions which make them extremely susceptible to autoxidation. Oxidation of fatty acid chains is enhanced by the presence of air, light, high temperatures, trace metals, peroxides, and the presence of double bonds in unsaturated fatty acids (Bajpai and Tyagi 2006) .
Autoxidation is mediated by a free radical reacting with an organic substrate that yields hydroperoxide or oxygenated compounds (Frankel 1980) . Photo-oxidative stressors in algae can cause an accumulation of reactive oxidative species which could damage cell membranes, macromolecules, and inhibit photosynthesis. In soy oil, a study comparing the thermal oxidation at 180°C and methylene blue photosensitizer of TAG showed that photosensitized TAG's decreased significantly when compared to thermally oxidized TAGs (Park et al. 2011 ). This would suggest that the oxidative stability of TAGs in photosensitized oxidation were lower when compared to thermal oxidation. This could be due to singlet oxygen oxidation which reacts with the unsaturated fatty acids. Singlet oxygen differs from free radical autoxidation by inserting oxygen at each end of the double bond, yielding an allylic hydroperoxide. Singlet oxygen are usually produced by photosensitizers like the photon capturing chlorophyll and chlorophyll-like sensitizers (Frankel 1980) . It is also thought that during the algal stress response to photo-oxidation, the excess electrons are taken up by the TAG synthesis pathway, thus serving a role in stress relief and TAG synthesis. During periods of light or nutrient stress, cells could use the overabundance of electrons for fatty acid synthesis and direct this action to TAG production. This could be one explanation of the increase in the amount of TAG produced during the stressor conditions (DOE 2010) .Oxidation occurs more rapidly with polyunsaturated fatty acids than with monosaturated and saturated fatty acids, which facilitates an increase in the level of saturation of the remaining fatty acids. In some general sense, the percentage of monosaturated and saturated fatty acids increase when compared to polysaturated fatty acids during oxidation. Hydroperoxide, an initial product of lipid oxidation degrades causing volatiles like aldehydes and alcohols that cause rancidity (Kim et al. 2007; Min and Boff 2002) . Oxidation of lipids can occur when exposed to light, air, transition metals, and elevated temperatures (Harris 2007; Mora-Gutierrez et al. 2010) . A study on the stability of biodiesel from sunflower oil demonstrated that increases were measured in acid and peroxide content for storage temperatures of 50°C and in the presence of light (Du Pleiss et al. 1985) . Temperature and metallic storage containers have been shown to have a significant impact on the stability of biodiesel in storage (Bondioli et al. 1995) . Antioxidants such as -carotene and other carotenoids have the ability to help quench singlet oxygen and aid against lipid oxidation (Foote et al. 1970; Foote and Denny 1968; Kiritsakis and Dugan 1985) . Naturally occurring carotenoids in algae help aid photon capture for photosynthesis and also can act as a barrier for photo damage. The maintenance of oxidative stability by introduction of caseins, for example used in combination with antioxidants like carotenoids are currently being researched (Mora-Gutierrez et al. 2010).
Drying, On-site Storage, and Transportation
Drying is the final processing step that may be necessary to ensure stable storage of algal biomass if the material does not go through extraction following harvesting. Dehydration is required for stabilization of the algal slurry, typically 5-15% dry weight, after harvest (Molina-Grima et al. 2004 ). High-moisture algal slurries (90% moisture content) must be processed quickly, as spoilage can occur in a matter of hours in warm, humid climates. Dehydration of the algal biomass confers material stability, enabling long-term storage and transportation of the final product. However, the removal of moisture poses a significant challenge to economical production of algal biofuels and may account for 70-75% of the processing cost (Mohn 1978 ). This represents a major economic challenge for the production of low-cost commodities (fuels and animal feed) and high-value products (polysaccharides and -carotene) (Molina-Grima et al. 2004 ). The energy requirements for drying are significant; regardless of which drying technology is selected, evaporating 1 kg of water will always require an energy input of more than 800 kcal (Bruton et al. 2009; Shelef et al. 1984) . In addition, drying methods vary widely in the extent of capital investment and in the energy required for operation. The selection of drying method is dependent upon the scale of operation and end-product use.
Drying
Drying methods are highly specific, and method selection must be tailored to the end-product use ( Table 6 ). Methods that have most commonly been employed for drying microalgae include spray-drying, drum-drying, freeze-drying, and sun-drying. Given the high water content of algal biomass, sun-drying becomes problematic, and spray-drying is often too expensive for low-value commodities. Dehydration represents a significant cost to processing algal biomass, and when added to the cost of growth and harvesting, it poses a major economic barrier to the large-scale production of algal-derived bioproducts (Molina-Grima et al. 2004 ). High value, high purity products 99% solids content can be achieved Solar Drying. Solar drying is one of the oldest methods for food preservation and is still in use today. Traditional sun drying is accomplished by exposing the product to direct sunlight by laying it on mats, roofs, or drying floors. Sun drying may be the only economically viable option for drying algal biomass without additional fuel consumption. However, exposure to solar radiation causes oil and chlorophyll degradation in the algal biomass, and the temperature increases experienced during the process of drying can contribute to the deterioration and oxidation of algal fatty acids. Sun drying can be used to dry an algal slurry to 80% solids in one day (Lundquist et al. 2010 ) and may be an acceptable solution if the algal co-product is to be used for animal feed. A mixture of sun-dried Spirulina and corn meal can be dehydrated to 10% water within one day and has been used successfully as fish feed in Israel, serving as the sole diet for Tilapia fish (Shelef et al. 1984) .
Flash Drying. Flash drying is well-suited for drying pasty products which are obtained from centrifuges, rotary filters, or filter press (Mujumdar, 2006) . In flash drying, the wet cake gets fluidized under the action of hot air and mechanical dispersion; this hot air stream conveys the material through a drying duct. Drying can be accomplished rapidly and efficiently due to the high heat and mass transfer coefficients achieved through velocity and agitation. Feed material must be granular and free flowing when dispersed in the gas stream. The short residence time (seconds) of flash dryers necessitates a homogeneous feed material and rapid, even dispersion of the wet material into a drying airstream.
Spray Drying. For high-value products (more than $1000/ton), spray-drying is the method of choice for retaining biomass in its entirety (Molina-Grima et al. 2004 ). However, spray-drying can cause deterioration to algal components, such as pigment. Spray-drying enables rapid, continuous, drying of slurries, solutions, or emulsions. Although spray-drying is widely used for stabilizing algal biomass, it is one of the most expensive methods available (Bruton et al. 2009 ). In spray-drying, a slurry solution is sprayed into a hot air stream in the form of a mist or fine droplets (Geankoplis 1993) . Fine droplets are formed from the liquid by spray nozzles or centrifugal atomizers. When atomized droplets are brought into contact with hot air, water is rapidly vaporized from the droplets. The small droplet size provides high surface area, which allows for such rapid rates of evaporation with drying times measured in seconds. Cyclonic air flow and drier dimensions prevent droplets from sticking to the walls. The dried product then settles to the bottom of the drier.
Spray-drying is advantageous in that it offers continuous operation, powdered product that requires no further size reduction, and rapid drying to ensure product quality (Molina-Grima et al. 2004 ). However, the sensitivity of algal biomass to oxidation may require the addition of antioxidants in some instances.
Freeze Drying. Freeze-drying (lyophilization) is a process whereby heat and mass transfer occur simultaneously. The algal slurry to be dehydrated is frozen, and the ice is sublimed by slight warming without thawing. Ice is sublimed to vapor by reducing the pressure below the triple point of water (partial vapor pressure of 4.6 mmHg). Lyophilized dry material contains multiple interstices into which water can penetrate, allowing for rapid re-hydration (Molina-Grima et al. 2004) . Since the material is frozen, constituents of the algal biomass remain fixed during the process of sublimation drying. The temperature at which the dried material is kept in storage is critical to determining the product stability during storage (Snowman 1996) . Freeze drying is advantageous because it is the gentlest method for drying algal biomass. However, the high capital costs and high energy costs of freeze drying reserve its use for applications where the biochemical character of the material must be retained (Molina-Grima et al. 1996) . Commercial-scale lyophilization is only considered for high-value products.
Drum Drying. Rotary dryers are sloped, rotating cylinders that use gravity to material from one end to the other. Wet solids are fed at the high end of the dryer and move through the cylinder as it rotates. Heating may occur by direct contact with hot gases, or indirect contact through the heated cylinder walls (Geankoplis 1993) . A rotary-drum dryer consists of a heated metal roll to which a thin layer of liquid slurry is applied and evaporated to dry solids. The dry solids are then scraped off of the rotating drum. Rotary drum dryers have been extensively used in heat drying of wastewater sludge (Shelef et al. 1984) and is also a common method for algal drying. In an assessment of the feasibility of the commercialization of algal culture in Alabama, drum drying was the method selected for algal drying (Putt 2007) . In this design, a belt filter press is used to dewater algae (from 3-20% solids) prior to drum drying; the dried algal product would then be removed from the drums in a paper-like structure that can be wound in rolls for storage and transportation. A methane-fired forced air heater (powered by the anaerobic digestion of animal litter) provides the heat for the drum dryer in this scenario. In the design by Putt (2007) , anaerobic digesters are capable of producing 26 kW/acre (625 kWh/day) of thermal energy; this is more than adequate for drying the algae from 20% to 90% solids, which requires a latent heat of 170 kWh/day/acre. Solar drying at large scale. Solar drying is the only feasible method for large-scale drying of wet algal biomass without additional fuel consumption and associated costs. Significant area, as much as 100 m 2 /m 3 of biomass, and infrastructure is required to for solar drying and has been modeled after Lundquist et al. (2010) . A thin layer of algal biomass is spread over low-density polyethylene liners and dried to at least 80% solids, which is thought to be achievable in 24 hours. A modified scraper or vacuum truck is used to harvest the algae; concrete tracks may be required to protect the polyethylene liner (Lundquist et al. 2010) . Given the large area required for biomass drying, advanced mechanization is required for recovery of the dried algal biomass. To ensure stability for on-site storage, Lundquist et al. (2010) assume that solar-dried biomass, 80-85% solids content, is further concentrated by a natural gas-fueled flash dryer to a final solids content of 90-95% prior to storage.
Storage
The stability of algal biomass under different storage and transport scenarios is relatively unknown. Previous work has shown that the presence of naturally occurring bacterial communities enhances the rate of algal degradation (Rieper-Kirchner 1990) . Given the variety of potential culturing and harvesting conditions, i.e., pH, salinity, level of dewatering, it is largely unknown how the combination of such factors will affect storage, transportation, and the subsequent quality of the fuel product (DOE 2010). Similar to plant lipids, factors like material and temperature should be considered for their influence on the stability of algal lipids during storage (Hu et al. 2008) .
Transportation
The optimization of transport, both energetically and economically, relative to the location of production sites and biorefining facilities has been a challenging issue for lignocellulosic feedstocks (Hess et al. 2009 ) and poses a similar challenge to large-scale algal production systems. Transport of algal biomass from the unit farm to centralized extraction facilities should conform to existing standards in order to minimize infrastructure impacts.
Alteration of density and format through mechanical densification may be required to improve efficiencies in transportation and handling scenarios. However, the effect of densification on dried algal biomass prior to extraction of oil is unknown.
Some work has shown that co-pelletization of algal biomass with barley effectively pasteurizes the densified product, improving stability and digestibility for use in animal feed (Lundquist et al. 2010 ).
Conversion Pathways for Algal Biofuel Production
Multiple conversion strategies exist for deriving biofuels from algal feedstocks. In order to make microalgae cost-competitive for biofuels production, all algal fractions, not just lipids, must be utilized.
Most algal biofuels research has focused around biochemical conversion strategies for production of biodiesel. Oil recovery from algal cells is facilitated by an extraction step. Frequently, this is accomplished through a solvent extraction; however, other possibilities include mechanical extraction, supercritical CO 2 fluid extraction, electroporation, ultrasonic methods, and 'algal milking' (Pienkos and Darzins 2009) . Algal oil consists of triglycerides (TAGs), which represent an attractive feedstock for biodiesel. In transesterification, TAGs are treated chemically or enzymatically (e.g., lipases) to produce glycerol and fatty acid methyl esters (FAME) that are biodiesel (Chisti 2007) . Catalytic upgrading of FAME can be used to produce diesel, kerosene and gasoline. After oil extraction, residual algal bodies can be enzymatically digested to release sugars for microbial fermentation to alcohols.
Recent studies at Arizona State University (ASU) and National Renewable Energy Laboratory (NREL) have shown promise for coupling dilute-acid pretreatment of microalgae with biochemical conversion (Pienkos 2013) . Dilute-acid pretreatment resulted in successful fractionation of algal carbohydrates and lipids with high recovery. Robust fermentation of carbohydrate fractions was achieved with maximum utilization in 6-36 hours by two different fermentation organisms (Saccharomyces cerevisiae D5A or Zymomonas sp.). This demonstrated, whole-cell processing approach offers advantages for algal biofuel and co-product production. In order for large-scale production of algal biofuels to be economically viable, whole-cell processes that exploit all algal fractions must be realized.
Torrefaction, pyrolysis, gasification, and hydrothermal liquefaction are potential thermochemical conversion schemes for microalgal biofuels production. In torrefaction, dry biomass is typically processed anoxically at 200-300°C and atmospheric pressure. Torrefaction produces a low-value, solid char from the partial decomposition of biomass, which has discouraged research and application of this technology for algal biofuels production (López Barreiro et al. 2013) .
Pyrolysis is a thermal treatment of biomass performed under anoxic conditions at temperatures of 400-600°C and atmospheric pressure, converting dry biomass to 'bio-oil', charcoal, and gas. Fast pyrolysis is a technique that uses very high heating rates (1000°C min -1 ) and short residence times (seconds) to produce liquid fuel directly (López Barreiro et al. 2013) . Fast pyrolysis tested with Chlorella protothecoides and Microcystis aeruginosa (500°C and heating rate of 600°C min -1 ) resulted in unexceptional bio-oil yields of 18% and 24%, respectively (Miao et al. 2004) . Pyrolysis offers the advantage of whole-cell processing; however, the high energy costs associated with pyrolysis may limit its applicability and development for algal fuel production.
Gasification is the partial oxidation of biomass at high temperatures (>700°C) and atmospheric pressure, producing syngas (producer gas). Syngas may be composed of CO, H 2 , CO 2 , and CH 4 ; it can be burned directly in gas engines or used to produce methanol (CH 3 OH) and H 2 . Syngas can also be converted to synthetic fuel via the Fischer-Tropsch process. Gasification of a microalgal paste consisting of 21% Spirulina at 850-1000°C produced syngas that was predominantly H 2 , CO 2 , and CH 4 and resulted in a maximum theoretical methanol yield of 64% at 1000°C (Hirano et al. 1998) .
A major limitation of thermochemical conversion technologies like torrefaction, pyrolysis, and gasification is that they require an input of relatively dry feedstock. Moisture content has a considerable impact on process conditions in thermochemical conversion; similarly, the quality and quantity of biofuel produced is dependent up the process conditions used in thermochemical conversion (López Barreiro et al. 2013) . Most research on algal-derived biofuels has focused on biochemical conversion routes because processes that rely on dry algal feedstock are not considered economically viable due to the energy inputs associated with drying algal slurries or pastes (Chisti 2008) . Thermochemical conversion technologies that are capable of handling wet algal feedstocks may be a viable, whole-cell processing alternative to biochemical conversion.
Hydrothermal gasification (or wet gasification) refers to a process where water in a supercritical state (>374°C and 22.1 MPa) acts as both a solvent and reactant. Typical process conditions are 360-700°C and 25-30 MPa (López Barreiro et al. 2013) . Hydrothermal gasification has been examined for several strains of algae over a range of temperatures, reaction times, and algal loadings at relatively small scales (Chakinala et al. 2010; Guan et al. 2012a; Guan et al. 2012b; Haiduc et al. 2009; Stucki et al. 2009 ). Several advantages associated with this technology make it attractive for thermochemical conversion of microalgae: direct use of wet biomass, high efficiency, and potential for nutrient recycle to algal cultures. However, the high temperatures and harsh conditions required for hydrothermal gasification incur substantial energy and capital costs. In addition, the production costs exceed the value of the gas obtained.
Hydrothermal liquefaction (HTL) is a promising technology for the thermochemical conversion of wet microalgae to 'bio-oil,' a liquid energy carrier, which can be converted to hydrocarbons suitable as transportation fuels. HTL is considered both an extraction and conversion process; the hydrocarbon structure of algal lipids is almost completely retained, while a fraction of carbohydrate and protein is converted to oil. With HTL, oil yields are higher than with typical extractions (Fishman 2012) . HTL is a medium-temperature, high-pressure conversion technique capable of processing whole algal biomass (or residual algal fractions following lipid extraction) to bio-oil, along with gaseous, aqueous, and solid by-products (López Barreiro et al. 2013) . The CO 2 stream generated as a by-product of HTL can be fed back to cultivation ponds. Further, solid residue by-products of HTL may be used as a feedstock for a subsequent gasification step for the production of other energy carriers with remaining ashes recycled as nutrients for cultivation. The high water content of microalgae makes them an attractive feedstock for HTL in subcritical water (i.e., superheated water, pressurized hot water at temperatures great than 100°C and less than 374°C). A recent study has shown encouraging results for achieving a positive energy balance with HTL (Xu et al. 2011) ; however, combined mass, energy, and nutrient balances must be considered for a thorough assessment of the feasibility of microalgal feedstocks for HTL.
A variety of pathways and approaches exist for conversion of microalgae to biofuels and co-products. Detailed techno-economic and life cycle analyses are required to determine whether algal biofuels can be produced in a manner that is economical and sustainable at scales required to make a significant contribution to U.S. fuel demand (Pienkos and Darzins 2009 ).
OPEN-POND PRODUCTION SYSTEM ASSESSMENT
Numerous studies have been performed examining the feasibility of open-pond algal (ANL et al. 2012; Benemann et al. 1982a; Davis et al. 2011; Lundquist et al. 2010; Richardson et al. 2010; Sheehan et al. 1998; Sun et al. 2011; Wigmosta et al. 2011; Zamalloa et al. 2011 ). Sun et al. (2011 performed a comparative analysis of previous studies from U.S. Department of Energy national laboratories, industry and academia for producing TAG. Sun et al. was able to reduce the economic variability between the studies to $10.87 to $13.32/gal of TAG using a normalized set of input assumptions.
In 2011, the U.S. Department of Energy Bioenergy Technologies Office began an initiative to harmonize existing modeling effort across its national laboratories. The result was a conservative baseline open-pond algal production system used to assess several scenarios for obtaining the 5-BGY advanced fuel goal established in the Energy and Security Independence Act of 2007. The algal production system has a total footprint of 1,200 acres with 1,000 acres of open ponds. A three-stage harvest and dewatering process, consisting of sedimentation, chemical flocculation, and centrifugation, was used to increase the algae density to 200 g/L. Extraction was then performed on the algal slurry using a hexane solvent and centrifuge to separate the TAG from the algal biomass and solvent. The solvent is recovered and recycled and the algal biomass is sent to an anaerobic digester. The TAG is sent to a shared conversion facility toproduce biodiesel. The study performed economic assessments using steady-state and seasonal productivity assumptions. Algal production systems along the U.S. Gulf Coast were clustered and the average productivity was assessed. The cost of biodiesel between the clusters varied as much as $3.50/gal of biodiesel using the steady-state assumption. Implementing seasonal productivity increased the cost of biodiesel by nearly $1.00/gal (ANL et al. 2012 ).
Idaho National Laboratory developed a method for assessing algal production systems considering high-fidelity spatial and temporal data. The approach addresses current limitations for assessing algal production systems including the ability to (1) quickly assess alternative algal production system designs, assess spatial and temporal variability using high-fidelity data, and (2) perform large-scale assessments considering multiple scenarios for thousands of potential sites. The approach uses a dynamic and modular methodology for determining the cost of producing TAG and biodiesel from open-pond systems (Abodeely et al. 2013 ). This approach is utilized to investigate several potential algal production sites in the Southeast and Southwest United States. Figure 14 shows the average cost per gallon of TAG and average annual TAG production using the harmonized baseline design. Daily productivity data is utilized to scale each process in the algal production system appropriately to handle material throughput during peak performance. The cost per gallon of TAG can vary from $17.65-25.26 depending on location and resource requirements while production varied from approximately 0.9-1.3MM gallons of TAG. The relationship between the production capability of the site and the cost is evident. Although the downstream processes are scaled to handle the algae throughput throughout the year, the pond infrastructure requirements are common across the sites. The large discrepancies between the capital cost is generally attributed to the large investment required for the pond infrastructure. As a result, greater production potential helps lower the overall cost of producing TAG. Figure 14 . Cost assessment of the harmonized baseline design using high-fidelity productivity data with average annual TAG production.
The modular nature of the assessment tool enables processes to be interchanged or reconfigured. An alternative dewatering technology that uses electroflocculation is investigated in a couple alternative algal production system designs ( Table 7) . The first alternative design replaces the three-stage dewatering process. The first alternative design had higher capital costs relative to the baseline algal production system design but lower operating costs. This is due to the quantity of units of the alternative dewatering technology required to process the throughput for a 1,000-acre algal production system. Sedimentation offers a much lower cost option for the primary harvesting step. For this reason, the second alternative design uses sedimentation as the primary harvesting step, and the alternative dewatering technology is used to concentrate the microalgae from 1 to 20% solids. In this case, capital expenses were essentially the same, and operating expenses were lower compared to the baseline algal production system design ( Figure 15 ).
Biological characteristics of microalgae play a significant role in making microalgae a viable feedstock for biofuel production. Figure 16 shows potential costs of TAG under theoretical biomass productivity and lipid content using the harmonized baseline algal production system design. Daily biomass productivity was increased and assessed by a factor of 0.5, and lipid content was assessed at 5% increments. Results show that biological enhancements to microalgae alone are not sufficient to reduce the cost of using microalgae for biofuel production. Advancements in engineering to existing technologies or development of new, innovative technologies will also be needed. 
CONCLUSIONS
The development of the algal biofuel and co-product industry has several obstacles that will need to be addressed for future systems to be economically viable. Microalgae characteristics such as productivity and lipid content will need to be improved through identification or engineering of algal strains that are best suited to specific locations. Challenges associated with developing technologies for inexpensive harvesting and dewatering will need to be overcome. The Baseline unit farm design assessment highlighted some of these barriers.
Regional Assessment
The Baseline unit Farm design was investigated across different regions of the United States to explore production capability and economic viability. As expected the southern United States appears to have the greatest potential for successful algal industries. The southwest United States provides ideal radiation and temperatures for microalgae production but is challenged with resource availability like water. The southeast has less ideal climate conditions (hurricanes, tornadoes, etc) but has greater access to resources. Most assessments of algal systems are representative of the southwest United States. This does not necessarily mean that locations further north should not be considered if an algal strain was identified or engineered for colder climates. Assessments of productivity in colder climates should be investigated to determine, if an ideal algal strain is found, if microalgae open-pond systems are feasible.
Challenges and Future Work
The challenges with viable algal systems are well documented. As discussed and analyzed, microalgae productivity and lipid content have the greatest potential for decreasing production cost given the current state of technology. As a result, research focused on developing highly productive, high lipid content algal strains is key for overcoming some of these challenges. Harvesting and dewatering are energy intensive processes that also will require advances to make the algal industry successful. This will require enhanced development of current technologies and development of new methods.
Other challenges related to resource availability will also need to be addressed. Most assessments assume co-location with wastewater treatment and industrial facilities to provide a majority of the water, nutrients, and CO 2 needed for cultivating microalgae. While ideal, large-scale implementation of unit farms across the United States in most instances will not be able to be co-located with both or either type of facility. Investigation of nutrient and CO 2 availability and delivery cost will need to be assessed on a per location basis. Water resources can also be an issue if a unit farm competes against current agricultural and social uses. In addition to water competition, locations requiring fresh water systems will need to consider the long-term impacts on underwater aquifers.
Future work will explore different approaches to these challenges and how to mitigate risk associated with large-scale, microalgae open-pond systems. Different production scenarios will be investigated across the United States for locations meeting the defined location criteria. Resource assessments for these locations will also be addressed to determine availability and economic viability of delivering the necessary resources where needed.
To develop the large-scale, open-pond microalgae systems, investors will require a highly productive, low risk facility. This will require an understanding of the potential annual variability at each location. Due to local climate and various weather patterns, productivity can suffer. Assessments using actual climate data instead of annual daily averages should be utilized to obtain more robust annual assessments of microalgae growth potential. This would enable more realistic assessments of production capability over the life of the unit farm.
